Abstract In Quebec, Canada, industrial bark wastelands cover several hundred hectares of land. Bark residue that has piled up for decades tends to remain free of vegetation for years. To assess the revegetation potential of such sites, we sought to determine those factors responsible for poor plant growth. Phenolic compounds from fresh to 20-year-old bark residues were extracted with four solvents and quantified by high-performance liquid chromatography (HPLC). We simulated solutions (mixtures of standard phenolic compounds) to evaluate the potential toxic effects of phenolic compounds on the rhizobial growth, germination index, plant growth, nodule number, and nitrogen fixation activity of two legume species under laboratory conditions. The concentration of individual phenolic compounds varied from none detected to 350 μg/g bark residue. The extracted phenolic compounds differed among solvents and bark residues. The highest concentration of total phenolic compounds was from fresh bark; most of these were soluble in water or 0.1 M NaOH. For older bark residues, the total phenolic content depended on solvent strength, generally in the order of 2.0 M NaOH>0.1 M NaOH = hot water > cold water. The biological activity of the simulated bark extracts was not established with the rhizobial growth inhibition test but with the germination index and rhizobium-legume symbiosis tests. With these, the toxicity of the simulated phenolic extracts decreased from fresh to the older bark residues. Plant dry weight, nodule number, and nitrogen fixation activity of vetch (Vicia sativa L.) were less negatively affected by high concentrations of phenolics than birdsfoot trefoil (Lotus corniculatus L.), although birdsfoot trefoil grew at lower concentrations. The rhizobium-legume symbiosis has potential for revegetating bark wastelands with less than 1 year old and older bark residues.
Introduction
Bark residue from tree debarking is a byproduct of wood production. In Quebec, Canada, about 1.2 million tons of residues are produced each year (Anonymous, 2000) and left to degrade for decades. In northern Quebec, away from potential users, approximately 10% of bark residues are piled up as landfill in industrial bark wastelands. Bark contains many chemical constituents in varying concentrations (USDA, 1971) ; most residues are rich in cellulose and lignin, but also contain waxes, cutin, suberin, resins, and tannins. They have a low pH, and hydrolyzable phenolics are often released during degradation from the C6-C3 phenylpropanoid acid subunit of lignin (USDA, 1971) , cutin, suberin, and tannins (Marchand et al., 2005) .
Bark residue wastelands have increased in volume (i.e., to a height of several meters spread over several ha) and are aesthetically unpleasant. There is limited research on how to revegetate this industrial wasteland. Some residue sites have been covered with mineral soil and seeded; this has had some success, but in general it is unsustainable and not environmentally sound because it requires tons of soil to be transported.
The characteristics of industrial bark residue change over time with environmental exposure. Fresh bark wastelands are light brown and woody without vegetation. This inhibitory effect on the surrounding vegetation is identified as allelopathic and patterning vegetation effects have been noted (Rice, 1984) . The oldest wastelands resemble black soil, and rhizobium-legume (Vicia cracca and Trifolium spp.) symbioses have been found growing on them. This phenomenon raises the possibility of a new organic soil cover being developed with bark residues so that these sites can be revegetated by legume species. To explore the potential for this approach, we needed to identify the soluble phytotoxic compounds from barks of various ages and to evaluate their potential toxicity.
Phenolic compounds are the most widely distributed allelopathic compounds, followed by terpenoids, flavonoids, alkaloids, and cyanogenic glycosides (Rice, 1984) . One hypothesis for the absence of plant growth on fresh bark is the presence of phenolics that are soluble and known to affect biodiversity and the growth, development, and nutrition of plant species (Rice, 1984; Siqueira et al., 1991) . Water extracts from bark have been reported to inhibit plant growth mainly due to their phenolic compounds (Rice, 1984) .
The objectives of this study were to: (1) identify and quantify the phenolic compounds from bark of different ages; and (2) determine which barks could be used to develop a novel organic soil cover. We used simulated solutions (mixtures of standard phenolic compounds) to evaluate the potential toxic effects of phenolic compounds on rhizobial growth, the germination index, plant growth, nodule number, and the nitrogen fixation activity of two legume species under laboratory conditions.
Methods and Materials

Bark Materials
White spruce bark, provided by Tembec Inc. (Taschereau, QC, Canada), was collected from an 18-ha, 10-m high bark wasteland that was established in 1950. Samples were taken from several locations within the top 30 cm of the pile. Bark was divided into five categories based on age: fresh bark coming directly from the industry, <1-yr-old bark, light brown 1-to 5-yrold bark, brown 5-to 10-yr-old bark, and black 10-to 20-yr-old bark. Bark from these five categories had different physicochemical characteristics (Table 1) . After collection, barks were transported on ice to the laboratory and analyzed as soon as possible.
Phenolic Compounds Extraction
Four extractant solutions were used: cold water (Whitehead et al., 1983; Blum et al., 1991) , considered a weak extractant; hot water at 85°C (Chantigny et al., 2000) and 0.1 M NaOH (Whitehead et al., 1981) , both considered to be mild extractants; and 2 M NaOH (Whitehead et al., 1983) , considered to be a strong extractant. Unless stated otherwise, extractions were performed at room temperature. Each treatment combination (bark residue and extractant solution) was replicated ×3.
The extraction method was a modification of Whitehead et al. (1981) . Briefly, for the cold water, 0.1 M NaOH, and 2 M NaOH solutions, 20 g of bark (wet weight; w.w.) were added to 100 ml of extractant solution and agitated for 16 hr with a reciprocal shaker (Eberbach Corp., Ann Arbor, MI, USA). The hot water solution was agitated in a water bath set at 85°C. Each suspension was centrifuged at 23,435×g for 15 min (rotor Sorvall GSA, Sorvall RC-5B centrifuge). Supernatants were recovered and filtered through 5 layers of cheesecloth and then through filter paper (Whatman no. 1). Filtrates were adjusted to pH 2.5 by using HCl 1 N and maintained at 4°C overnight. The acidification of bark extracts resulted in the precipitation of humic acids (Charest et al., 2005) that were separated by centrifugation (23,435×g) and filtrated through Whatman no. 42 filter paper. Supernatants were washed ×3 with 10 ml ethyl acetate. The resulting 30-ml pooled solution was evaporated to dryness under N 2 atmosphere at 40°C, and the solids were dissolved in 2 ml of 50% methanol and kept in darkness at −4°C before undergoing chromatography. Initial  100  0  0  100  0  0.01  100  0  15  70  30  50  22  78  60 100 0 a Flow rate was 0.7 mL/min. All changes were asymptotically done over time (small initial change followed by more rapid change) by using curve shape 5 except for the change from 0.01 to 15 min, which was asymptotically changed by using curve shape 7. (Peaknet software release 4.30 Dionex, Sunnyvale, Ca, USA) Kelley et al., 1994) . Phenolic compounds were characterized by their UV absorbance at 254 nm. Peaks were identified by comparing retention times with pure standards.
Standards
Preliminary analyses by gas chromatography-mass spectrometry identified 14 phenolic compounds in the bark residue samples. These compounds were gallic acid, protocatechuic acid, catechol, caffeic acid, vanillic acid, vanillin, (P)-coumaric acid, (P)-hydroxy-benzoic acid, ferulic acid, 3-hydroxy-4-metoxycinnamic acid, (O)-hydroxy-phenylacetic acid, benzoic acid, salicylic acid, and trans-cinnamic acid. Samples were obtained from Sigma (St. Louis, MO, USA). Standards were of a high-purity grade. Each was dissolved in highperformance liquid chromatography (HPLC)-grade methanol/deionized water (1: 1 v/v) and injected, without prepurification, alone or in mixture, to calibrate the chromatograph. Quantification was based on peak areas as determined by Peaknet software release 4.30 (Dionex) using external standards. These values (in μg/g) were transformed by using the following formula: Value (μmol/l)=(Value (μg/g)×Bark dry bulk density (g/cm 3 )×10 3 )/ Molecular weight.
The mean and standard deviation of each phenolic compound was determined (Table 3 ). The total phenolic content represents the sum of the mean quantities of the phenolic compounds detected.
Solutions for Toxicity Tests
Pure phenolic compounds were used for the toxicity tests to avoid possible interactions with other chemicals during extraction. First, concentrated solutions in 50% methanol were prepared for each compound. Second, dilutions from 150-to 4500-fold were made (in water) to obtain a mean for each compound (Table 3) . These high dilutions allowed us to minimize the amount of methanol in our simulated solutions. A total of 20 solutions was made, i.e., five for each bark age category for the four extractants. These solutions contained, on average, 12 phenolics in mixture. They were kept at 4°C, in darkness, and used within 24 hr. Since bark pH varies with bark age, no pH adjustments were made to reflect the natural conditions of bark wastelands.
Toxicity Test on Rhizobial Growth
Four rhizobial species were selected (known as the microsymbionts of legume species that are used in plant toxicity evaluations and described below): Mesorhizobium loti for birdsfoot trefoil (Lotus corniculatus) and Rhizobium leguminosarum bv. viciae for nodulation of common vetch (Vicia sativa). Three strains of M. loti were used: NZP 2213 (also designated USDA 3471 or ATCC 33669), NZP 2234, and L3 (Agriculture and Agri-Food Canada, Sainte-Foy, Quebec, Canada). The three strains of R. leguminosarum bv. viciae were: USDA 2370 (also designated ATCC 10004), USDA 2489, and 175P1 (Nitragin, Milwaukee, WI, USA). Mesorhizobium sp., strain N28, and Rhizobium sp., strain SM2, respectively, sensitive and resistant to sainfoin seed diffusates (phenolics), were also used (Prévost et al., 1990) . Each strain was grown in 50 ml of yeast mannitol broth (YMB; Vincent, 1970) contained in 125-ml Erlenmeyer flasks placed on a rotary shaker at 28°C. This medium was buffered with CaCO 3 and had a pH of about 7. As soon as the optical density reached 0.6-0.7 (630 nm), 20 ml of the rhizobial culture were incorporated per liter of sterile YMA, maintained as a liquid at 45°C. Then, 10 ml of inoculated YMA were distributed on Petri plates. After cooling, 4 disks of sterile paper (10 mm diam) were placed on the surface of the YMA for each plate. Each disk was impregnated with 100 μl of one of 20 different phenolic solutions. Petri plates were kept at 4°C for 18 hr to allow the compounds to diffuse, and then were incubated at 28°C for 4 d. Finally, the diameters of the zones of inhibition were recorded. This test was repeated ×3. A factorial experiment, using the microbial strains as the main factor and the solvents and bark ages as subfactors, was set up according to a split-plot design (Snedecor and Cochran, 1967; Steel and Torrie, 1980) .
Phytotoxicity Test on Seed Germination
We determined the effects of phenolic compounds on seed germination and rootlet growth in combination with a germination index (Zucconi et al., 1981) . Cress (Lepidium sativum) was used as a reference (Zucconi et al., 1981) ; it is an acid-tolerant species and its root growth is not affected by pH (Bonanomi et al., 2006) . Vetch (V. sativa), a close relative of the weed V. cracca that has been observed under pioneer vegetation conditions, was also selected because this species prefers sandy soils and has a pH ranging from 5.5 to 8.5. The third species was birdsfoot trefoil (L. corniculatus). This species is tolerant of acidic pH (about 4.5) and is often used for revegetation (Hardy BBT Ltd., 1989) . Preliminary tests with water, adjusted to pH levels of 3.5-5.5 to correspond to the pH of the barks and the simulated solutions (4.1±0.4), yielded 100% germination after 24 hr (data not shown). These tests indicate that germination could be evaluated with 15 seeds per Petri plate for cress and birdsfoot trefoil and with eight seeds for vetch.
Three sterile filter papers were placed at the bottom of a Petri plate and impregnated with 4 ml of a phenol acid solution or acidic water (control). Petri plates were placed in darkness at 27°C; the cress seeds were kept for 36 hr and the vetch and birdsfoot trefoil seeds for 3 d. Percentage of seed germinated and the rootlet lengths were recorded. The germination index was calculated by multiplying the % of germination by the average length of the rootlets (Zucconi et al., 1981) . All tests included a water control, and each was repeated ×4. A factorial experiment, using the bark ages and extractant solutions as the main factors, was set up in a completely randomized block design (Snedecor and Cochran, 1967; Steel and Torrie, 1980) . Analyses of variance included a least significant difference (LSD) treatment comparison. Pearson correlation coefficients between the germination index and the total phenolic compounds, and between the germination index and each single compound, were calculated.
Phytotoxicity Test on Plant Growth, Nodulation, and Nitrogen Fixation Activity Plants were grown in transparent plastic growth pouches to allow visualization of nodulation according to a standard method for testing legume inoculants (Anonymous, 2005) . Two nitrogen forms were studied: nitrogen obtained through dinitrogen fixation (i.e., in the presence of rhizobia) and mineral nitrogen (in the presence of mineral nitrogen in the nutrient solution). A split-plot design with four blocks was set up with the two forms of nitrogen as the main factor and the 20 phenolics solution as the subfactor. The analyses of variance included an LSD treatment comparison (Snedecor and Cochran, 1967; Steel and Torrie, 1980) . Seeds were surface sterilized for 10 min in a 20-ml solution of Javex (5%), 4 ml of Tween 20 (50% V/V), and a 4-ml buffer [8 ml concentrated HCl mixed with 32 ml KH 2 PO 4 (1 M)]. Seeds were washed several times in sterile distilled water and dried under sterile conditions. Plant nutrient solutions contained 0 or 15 mol m −3 NO À 3 -N as KNO 3 and Ca (NO 3 ) 2 4H 2 O (Chalifour and Nelson, 1988) , and solutions were balanced for their K and Ca concentrations. Eight seeds were placed in each growth pouch (Anonymous, 2005) that was filled with the appropriate nutrient solution (pH 4.2±0.1) without the phenolic compounds. Pouches containing the N-free nutrient solution were inoculated with about 10 9 cells of the appropriate rhizobial strain, i.e., 175P1 for vetch and NZP 2234 for birdsfoot trefoil. These growth pouches were wrapped in aluminum foil and kept in the dark for 3 d. Thereafter, growth pouches containing 8 seedlings were selected, and the nutrient solution was removed and replaced with 30 ml of nutrient solution containing the phenolic compounds or the control. These solutions had pH values of 4.1± 0.4.
Plants were kept under light for 16 hr at a temperature of 20°C, and then placed in the dark for 8 hr at 15°C. They were watered with bidistilled water every second day. After 10 d, nutrient solutions containing the phenolics were removed and replaced with fresh solutions. At 40 d of age, the dry weight of the aerial and root parts was measured for each growth pouch. All results are expressed on a dry weight basis relative to the control, where % biomass = [(treatment (d.w.)/control (d.w.))]×100. The number of nodules per root was also determined and is expressed as: % nodule number = (nodule number per root system for one treatment/nodule number per root system for the control)×100. The aerial parts and the nodules were ground and their total N content was determined by dry combustion (CNS-1000 Analyser, Leco Co., St. Joseph, MI, USA).
Results
To identify and quantify the phenolic compounds from bark of different ages, several extractants were compared. For most extractants, the highest yield of total phenolic compounds was obtained from the youngest bark (Table 3) . With the exception of young bark residues, more phenolics tended to be extracted by hot water, 0.1 M NaOH, and 2 M NaOH than with cold water (Table 3) . However, certain compounds, such as salicylic acid, were better extracted with cold water than with 2 M NaOH. Also, others, such as protocatechuic acid, catechol, caffeic acid, vanillin, and ferulic acid, were better extracted with hot water than with 0.1 M NaOH. These results were used to reproduce solutions of various concentrations to simulate the different phenolic concentrations of the bark residues so as to avoid possible interactions from other bark compounds.
Growth inhibition of Mesorhizobium sp. and Rhizobium sp. strains was not detected from treatments involving the 20 solutions that simulated extracts from bark of different ages from the four solvents.
To determine phytotoxic effects on seed germination, we used the 20 simulated bark extract solutions. Cress and vetch did not germinate in the solution that simulated the 2 M NaOH extract; this treatment was excluded from the statistical analyses. In general, stronger extractants, and younger bark residues, lowered the germination index for all species (Fig. 1) . However, the germination index differed among species according to extractant strength and age of the bark residue; the highest germination index was with cress, followed by birdsfoot trefoil, and then vetch. However, only birdsfoot trefoil germinated in the solutions that simulated the 2 M NaOH solvent and resulted in a germination index higher than that in vetch.
For cress, on average, the germination index decreased from the cold to the hot water extract, but increased from the hot water extract to the 0.1 M NaOH extract of the fresh bark, 1-to 5-yr-old bark, and 5-to 10-yr-old bark (Fig. 1) . Correlation analyses shows a negative relationship between the germination index and the total phenolic content, and the 11 phenolic compounds, i.e., the germination index decreased with concentration of phenolics (Tables 3 and 4) . For birdsfoot trefoil, seeds germinated even in the simulated solution of 2 M NaOH solvent (Fig. 1) . The germination index decreased from the cold to the hot water extract, and from the 0.1 M NaOH to the 2 M NaOH extract of most barks, but increased with the ages of bark extracted with 0.1 M NaOH. Finally, the total phenolic content and 10 individual phenolics were correlated with the germination index of birdsfoot trefoil all, except for phenylacetic acid (Table 4) .
For vetch, the germination index decreased from the cold to the hot water extract or 0.1 M NaOH, but increased with the age of the bark (Fig. 1) . The total phenolic content and all individual phenolic were correlated with the germination index, except for vanillic acid (Table 4) .
To determine the phytotoxicity of the 20 simulated bark extracts, we tested their effects on the rhizobium-legume symbiosis. For birdsfoot trefoil, the control had a mean aerial biomass of 22±3 mg in the presence of rhizobia, but 16±4 mg in the presence of mineral nitrogen. Its mean root biomass was 9±1 mg in the presence of rhizobia and 13±2 mg in the presence of mineral N. For vetch, the control had a mean aerial biomass of 87±2 mg in the presence of rhizobium and 69±4 mg in the presence of the mineral N. Its mean root biomass was 24± 3 mg in the presence of rhizobium and 31±1 mg in the presence of mineral N.
For the aerial and root biomasses of birdsfoot trefoil and for the aerial biomass of vetch, there were significant interactions between the nitrogen source and the simulated phenolic solutions; the LSD test was applied to the 40 treatments. For the root biomass of vetch, the nitrogen source and simulated phenolic solutions factors were significant but their interaction was not. However, for the purposes of data presentation, the LSD test was performed over the 40 treatments. For birdsfoot trefoil and vetch, in the presence of rhizobia, the least growth (aerial and root biomasses) was with the fresh bark regardless of the strength of the extractants and with the 2 M NaOH extractant regardless of bark age (Figs. 2 and 3) . Often, plant growth decreased with an increase in total phenolic content and with some specific phenolic compounds (Tables 5 and 6 ). The greatest growth was generally measured in the cold water extracts of <1-yr-old bark. In the presence of mineral N, the least growth followed the same trends as that in the presence of rhizobia for both plant species. For birdsfoot trefoil, the greatest growth was measured from the solution that simulated bark older than 1 to 5 yr extracted with hot water or 0.1 M NaOH. For vetch, the greatest aerial biomass accrued from the solution that simulated the 10-to 20-yr-old bark extracted with hot water; the greatest root biomass accrued with solutions that simulated bark older than 1 to 5 yr extracted with hot water. For birdsfoot trefoil, the control had a shoot N content of 1.00±0.18% in the presence of rhizobia, and 2.00±0.11% in the presence of mineral N. Also, in the presence of rhizobia, the number of nodules per control plant was 25±1 with a nodule N content of 8.64%. For vetch, the control had a shoot N content of 3.00±0.26% in the presence of rhizobia, but 2.4± 0.18% in the presence of N in the nutrient solution. Also, in the presence of rhizobia, the number of nodules per control plant was 16±1 with a nodule N content of 6.43±0.94%.
For both plant species, the interaction between the nitrogen source and the extractant solutions was significant for shoot N content; again, the LSD test was applied to the 40 treatments. For the number of nodules and the nodule N content, only the rhizobia treatments were further analyzed. For the nodule N contents of birdsfoot trefoil, nodule weights were too low to perform the N analyses. In the presence of rhizobia for vetch, the shoot N contents increased with the solutions that simulated the oldest barks (Fig. 4a) ; these Table 6 Pearson correlation coefficients (R) between the root biomass, the aerial, root, and nodule nitrogen contents of vetch grown in the presence or absence of rhizobium, and the simulated phenolic compounds of bark increases were generally greater when plants were grown in the presence of mineral N with strong extractants. For birdsfoot trefoil in the presence of rhizobia, shoot N content was greatest in the fresh or 5-to 10-yr-old barks extracted with cold water or 0.1 M NaOH, the <1-yr-old barks extracted with hot water, the 1-to 5-yr-old bark extracted with hot water or 0.1 M NaOH, and the 10-to 20-yr-old bark extracted with 0.1 M NaOH (Fig. 4b) . However, in the presence of mineral N, the shoot N content was greater for <1-yr-old barks or 5-to 10-yr-old barks extracted with hot water. The correlation analyses showed a decrease in aerial biomass N content with vanillin and ferulic acids in the presence of rhizobium, but in the absence of rhizobium there was a decrease for most phenolic compounds and for the total phenolic content (Tables 5 and 6 ). For birdsfoot trefoil, the number of nodules tended to increase when the solutions simulated 1-to 5-yr-old bark extracted with cold water, 5-to 10-yr-old bark extracted with 0.1 M NaOH, and the 10-to 20-yr-old bark extracted with hot water as compared with the other extracted bark residues (Fig. 5a) . However, for vetch, the number of nodules tended to increase when the solutions simulated 1-to 5-yr-old bark extracted with cold water compared with the other extracted bark residues (Fig. 5b) . Vetch nodule N content was higher when the solutions simulated barks older than 1 yr extracted with cold and hot water compared with the other extracted bark residues (Fig. 6) . Again, the analyses of correlation showed a decrease in nodule N content with an increase in the (P)-hydroxybenzoic acid and trans-cinnamic acids (Table 5) . 
Discussion
Detection of water-soluble phenolics has been reported from several plants, debris, and litter (Dalton, 1999) , and now from bark residues. Various methods have been used to extract phenolic compounds, including water (Whitehead et al., 1983; Blum et al., 1991) , chelating agents, methyl alcohol, and NaOH (Rice, 1984; Dalton et al., 1987; Blum et al., 1997; Dalton, 1999) . A link between the concentration of the compound extracted and biological activity has not previously been established; this information will be important for developing a soil cover medium using bark residues.
This study showed that the total content of phenolics and the content of most individual compounds increased with extractant strength; cold water = hot water=0.1 N NaOH<2 M NaOH for fresh bark, and cold water < hot water=0.1 N NaOH<2 M NaOH for bark less than 1 yr old. In general, these results agree with those of Dalton (1999) in the ability of various extractants to recover ferulic acid from soil, i.e., water = methanol < sodium acetate < EDTA = DTPA < NaOH. However, fresh bark appears to carry substantial amounts of soluble phenolics and, in this particular case, the extracting abilities of cold water, hot water, or 0.1 N NaOH were similar. Under our conditions, extensive sorptive and complex reactions, and degradation of phenolics by abiotic or biotic factors, such as microbes (Inderjit et al., 1999; Schmidt and Ley, 1999) , were possible but unlikely. Fresh bark results using cold and hot water and 0.1 N NaOH were often similar in the extraction of individual phenolics, even though pH, hydrolysis, and oxidative conditions differed. Also, the hot temperature (85°C) and alkaline pH (NaOH) conditions inhibited microbial growth. For the cold water extractant, there was probably no growth of microorganisms because a N source was not available and the conditions were acidic. These results are in contrast with those of a cold water soil incubation, where the addition of ferulic acid, a carbon source, created an environment that was favorable for the growth of microbes (Dalton, 1999) .
In general, the concentration of each phenolic decreased with bark age. For fresh bark, the phenolic content varied from 789 to 1279 μg/g (d.w.) (9 to 12×10 −4 M), regardless of the strength of the extractant. Other bark ages had a phenolic acid content ranging from 5 to 19 μg/g (d.w.) (5 to 26×10 −6 M) when extracted with cold water, 145 to 236 μg/g (d.w.) (21 to 29×10 −5 M) when extracted with hot water and 0.1 M NaOH, and 843 to 1231 μg/g (d.w.) (13×10 −4 to 16×10 −4 M) when extracted with 2 M NaOH. These results show that more than 60% of the total phenolic contents in fresh bark were soluble in cold water, and thus, they would inhibit biological activity more than older residues.
The lower yield of cold water extraction for bark less than 1 yr old, and older residues, was probably attributable to the water failing to penetrate the bark, washing only its surface where phenolic compounds exist in a free state. Also, during the first year of exposure in the bark wasteland, there would have been substantial water leaching as a result of environmental conditions (rain and snow), and the microbes would have biodegraded over time. When the strength of the solvent increased, from hot water or 0.1 M NaOH to 2 M NaOH, more internal tissues were probably reached, resulting in a more complete hydrolysis. Also, the bound forms of phenolics are normally released by 2 M NaOH (Rice, 1984; Dalton et al., 1987) .
The predominant phenolics identified in bark residues are phenylacetic, vanillin, ferulic, catechol, and coumaric and protocatechuic acids. The C6-C2 phenylacetic acid is a deaminated product of phenylalanine, the precursor of cinnamic acid, coumaric acid, coniferaldehyde, ferulic acid, or conyferyl alcohol in the lignin biosynthetic pathway (Sibout et al., 2005) . The chromatographic peak for phenylacetic acid has to be optimized to be detected by UV. Its presence in bark could be linked to the lignin biosynthetic or degradation pathway, involving at least the decarboxylation of 3-phenyl-propionic acid or the oxidation under acidic conditions of the etherified coniferyladehyde to phenylacetic acid (Pan et al., 2000) . In addition, the presence of phenylacetic acid could originate from plant material during degradation (Rice, 1984) . Some of the other compounds belong to the vanillyl phenols (vanillin and vanillic acids) that are typical of the gymnosperm lignin signature (Hedges and Mann, 1979) . The cinnamyl phenols (coumaric and ferulic acids) were present in our bark residue extracts. These compounds have been reported in the lignocellulose complex, and ferulic acid can be derived from holly tree bark (Hedges and Mann, 1979) , suberin-associated waxes, and cutin (Otto et al., 2005) . The bark residues may also have contained needles that would explain the presence of the cinnamyl phenols. The coumaryl and synapyl alcohol-derived units have been reported in minor amounts in spruce lignin (Kögel, 1986) . The origin of the cinnamyl phenols may also be related to the degradation of the coumaryl and synapyl alcohol-derived units present in the lignocellulose complex, suberin, or cutin.
The decrease in concentration of phenolics over time, under prevailing environmental conditions, could be attributable to abiotic factors (such as rain and melting snow), photooxidation (Siqueira et al., 1991; Chaves et al., 2002) , or to biotic phenomena that occur during the decomposition of organic matter , mainly the progressive degradation by microorganisms (Siqueira et al., 1991; Blum, 2004) . For example, we found that the content of phenylacetic and ferulic acids decreased with bark age. The catabolism of ferulic acid by microorganisms produces vanillin, vanillic acid, protocatechuic acids (Peng et al., 2003) , and catechol (Bocks, 1967) , and they increased in older barks, especially the latter compounds. The dominance of vanillyl phenols over time in our study agrees with the results of the incubated needle litter experiment of Sjöberg et al. (2004) , whereas the decrease in cinnamyl phenols agrees with results of Hedges and Weliky (1989) , cited in Sjöberg et al. (2004) .
The biological activities of the bark extracts were determined with biological tests, especially from fresh bark residues. The phenolic solutions were made by simulating bark composition over various ages and extractants in order to minimize the interference from other compounds that might be present in bark residues. No pH correction was made, and the effects of hydrogen ion concentration and the phenolic mixtures are combined, but they are still within the range occurring in the bark residues. Use of these simulated phenolic solutions increased the relevance of our results for the development of a new soil cover, in agreement with Blum's (1999) reflections on bioassays.
Based on biological activity, we made the following conclusions. First, simulated phenolic solutions did not inhibit rhizobial growth on YMA, even though total phenolics were between 5×10 −6 and 1.6×10 −3 M. Inhibition of rhizobial growth was expected because concentrations above 10 −4 (Rice et al., 1981) to 10 −5 M have been reported to inhibit growth (Gauv and Pareek, 1976) . Rice (1964) , using a YMA medium at pH 8.2, demonstrated the inhibitory activity of plant extracts on Rhizobium. The synergistic effects of a 10 −3 M mixture of (P)-coumaric and ferulic acids, (P)-hydroxybenzoic and (O)-hydroxyphenylacetic acids, or ferulic and vanillic acids, were found to inhibit rhizobial growth on YMA (Rice et al., 1981) . Gauv and Pareek (1976) attributed the decreased growth of Rhizobium to (P)-hydroxybenzoic and salicylic acids at concentrations of 10 −3 M. In our study, these phenolics were present in all bark extracts, but possibly in combinations and concentrations too low to inhibit rhizobia. Also, the presence of mannitol and CaCO 3 , which buffered the pH to about 7 in the culturing media, have been shown to prevent toxicity effects of phenolics on Rhizobium growth (Blum et al., 2000; Seneviratne and Jayasinghearachchi, 2003) . Under our experimental conditions, mixtures were not toxic to rhizobial growth on YMA; therefore, this test was not useful in relating the rhizobial growth to phenolic toxicity.
Second, the simulated phenolic solutions had inconsistent effects on germination and root elongation of cress, vetch, and birdsfoot trefoil. Cress had the highest germination index, followed by birdsfoot trefoil; both are acidic-resistant species. Vetch, a species that prefers a soil pH above 5.5, had the lowest germination index. There was an improvement in index and plant growth with the aging of the residues, and with the decreasing strength of the extractant solutions. Allison et al. (1963) and Rice (1984) report that phytotoxic compounds are usually present in large quantities in bark. The germination of cress and vetch was completely inhibited with the 2 M NaOH simulated solution, with a total phenolic content of about 1.2 to 1.6×10 −3 M, whereas the germination of birdsfoot trefoil was inhibited by 90%. These results are similar to those of Siqueira et al. (1991) , i.e., a concentration of 1 to 7×10 −3 M was the minimal concentration needed to inhibit germination by 50%. Our germination test was useful in linking the biological activity to the phenolic toxicity of fresh barks with that of barks older than <1 year for all plant species. Three major toxicity groups were detected for vetch: fresh bark, <1-to 10-yr-old bark, and 10-to 20-yr-old bark.
Third, the phenolic extracts had inconsistent effects on vetch and birdsfoot trefoil growth, nodule number, and N 2 fixation activity. In the presence of rhizobia or mineral N, the simulated solutions at 8.8×10
−4 to 1.6×10 −3 M of total phenolics decreased the aerial and root dry weights and the nodule number. For vetch and birdsfoot trefoil, N content decreased at the highest concentration of phenolics. The shoot and root weights of birdsfoot trefoil were more affected than those of vetch, especially with fresh bark residues and 2 N NaOH extracts. High phenolic concentrations have been reported to decrease plant growth, to be phytotoxic, and to alter N 2 fixation activity (Rice et al., 1981; Rice, 1984; An et al., 2000; Seneviratne and Jayasinghearachchi, 2003) . Our results support this concept of phytotoxicity on rhizobium-legume symbioses for high concentrations of total phenolics. In addition, the presence of various phenolics in a mixture could have antagonistic, neutral, or synergistic effects on seed germination, plant growth and N fixation. For example, Li et al. (1993) suggests that mixtures of phenolics, including caffeic, ferulic, and trans-cinnamic acids, enhance their inhibitory effects. In our simulated solutions, the analyses of correlation shows a negative relationship with six other phenolic compounds and with the germination index for cress, vetch, and birdsfoot trefoil, i.e., protocatechuic acid, catechol, (P)-hydroxybenzoic acid, vanillin, (P)-coumaric, and 3-hydroxy-4-methoxycinnamic acids. Also, the shoot and root dry weights, N content of the aerial part, nodule number and nodule N content were negatively correlated with the total phenolics content, and catechol, (P)-hydroxybenzoic acid, vanillic acid, caffeic acid, vanillin, (P)-coumaric, ferulic acid, 3-hydroxy-4-methoxycinnamic acid, benzoic acid, and trans-cinnamic acid. (P)-Coumaric, ferulic, (P)-hydroxybenzoic, and vanillic acids at 10 -3 M have been reported to reduce the number of nodules, and ferulic and (O)-hydroxyphenylacetic acids have been shown to reduce the N 2 fixation on bush black beans (Rice et al., 1981) .
On the other hand, in the presence of rhizobia, when the simulated phenolic solutions content was between 5×10 −6 and 1.3×10 −5 M of total phenolics, then the aerial and root dry weights of birdsfoot trefoil and the root dry weight of vetch increased, generally resulting in a greater shoot N content, nodule number, and nodule N content than in the presence of mineral N. Rice et al. (1981) and Seneviratne and Jayasinghearachchi (2003) also report that low concentrations of phenolic compounds stimulated nodule formation or N 2 fixation activity. Rice et al. (1981) reports that (P)-coumaric, (P)-hydroxybenzoic, and vanillic acids could stimulate N 2 fixation. At low concentrations, our results suggest that phenolics modified the rhizobium-legume symbiosis positively. In the case of the cold water extraction of the 1-to 5-yr-old bark, 5-to 10-yr-old bark, and 10-to 20-yr-old bark, only three phenolics were present, namely, vanillin, benzoic and salicylic acids; their effects alone or in mixture could be investigated further. For the other simulated solutions that improved the symbioses, the presence of more than 14 compounds in the mixture does not allow us to identify any individual phenolic that was beneficial to the symbiosis. More attention should be given to understanding the beneficial effects of older bark residues on legume symbiosis.
Plant growth and shoot N content were greater in the presence of rhizobia than in the presence of mineral N at 15 mol m −3 NO À 3 -N. This suggests that N 2 fixation was providing more nitrogen to the plants than the added mineral N or that the rhizobia could detoxify the phenolic compounds.
The effect of the extracts on vetch and birdsfoot trefoil is of interest because such decreases in biological activity can be related to the toxicity of the phenolics extracted from fresh bark and 2 N NaOH 2N extractant, particularly in terms of plant growth, N 2 , fixation, and nodule number for both plant species in the presence of Rhizobium. For both plant species, the solutions simulating the cold water extract from bark residues older than <1 year and the hot water extractant for the 10-to 20-yr-old bark residues increased the nodule number. From a practical point of view, the <1-yr-old bark residues should be selected in combination with legume species for revegetation purposes. Finally, the inoculated birdsfoot trefoil seems to be more sensitive to fresh bark and to the 2 N NaOH extractant that decreased the nodule number. Thus, again, from a practical point of view, fresh bark should not be used as an organic soil cover.
In summary, rhizobial growth on YMA was not affected by solutions that simulate the composition of the phenolic compounds of bark residues. On the other hand, the germination index of cress, birdsfoot trefoil, and vetch, and the growth, nodule number, and N 2 fixation activity of birdsfoot trefoil and vetch, were strongly inhibited by the simulated solutions from the young bark and the 2 N NaOH extractant. Germination inhibition varied with the species; vetch appears to be the most sensitive, and cress and birdsfoot trefoil the most resistant, which is related to the pH sensitivity of these species. However, plant growth, nodule number, and the N 2 fixation activity of vetch were less negatively affected by the high concentration of phenolics than birdsfoot trefoil, whereas a low concentration of phenolics affected birdsfoot trefoil more than vetch. In this case the pH sensitivity of these species was not related to the plant response. Vetch and birdsfoot trefoil need to be further investigated under greenhouse or field conditions. For revegetation purposes involving a novel organic soil cover, <1-year-old bark and older bark residues should be used in combination with legume species.
